In this letter, we consider a class of scenarios in which the dark matter is part of a heavy hidden sector that is thermally decoupled from the Standard Model in the early universe. The dark matter freezes-out by annihilating to a lighter, metastable state, whose subsequent abundance can naturally come to dominate the energy density of the universe. When this state decays, it reheats the visible sector and dilutes all relic abundances, thereby allowing the dark matter to be orders of magnitude heavier than the weak scale. For concreteness, we consider a simple realization with a Dirac fermion dark matter candidate coupled to a massive gauge boson that decays to the Standard Model through its kinetic mixing with hypercharge. We identify viable parameter space in which the dark matter can be as heavy as ∼1-100 PeV without being overproduced in the early universe.
The Weakly Interacting Massive Particle (WIMP) paradigm provides a compelling cosmological origin for dark matter (DM) candidates with weak-scale masses and interactions. In the early universe, at temperatures above the WIMP's mass, interactions with the Standard Model (SM) produce a thermal population of WIMPs and sustain chemical equilibrium between dark and visible matter. When the temperature falls below the WIMP's mass, these interactions freeze-out to yield an abundance similar to the observed cosmological DM density. This narrative is known as the "WIMP miracle."
In recent years, however, this framework has become increasingly constrained. The Large Hadron Collider has not yet discovered any new physics, and limits from direct detection experiments have improved at an exponential rate over the past decade. For DM candidates that annihilate at a sufficient rate to avoid being overproduced in the early universe, unacceptably large elastic scattering cross sections with nuclei are often predicted. To evade these constraints, one is forced to consider models that include features such as coannihilations [1, 2] , resonant annihilations [1, 3] , pseudoscalar couplings [4] [5] [6] [7] , or annihilations to final states consisting of leptons or electroweak bosons [8] [9] [10] [11] [12] [13] [14] [15] [16] .
It is equally plausible, however, that the DM is a singlet under the SM and was produced independently of the visible sector during the period of reheating that followed inflation (for a review, see Ref. [17] ). By freezingout through annihilations to SM singlets, the DM in such models can avoid being overproduced while easily evading the constraints from direct detection experiments [18] [19] [20] [21] [22] [23] [24] [25] . In this letter, we explore this class of scenarios, focusing on hidden sectors that are thermally decoupled and, therefore, never reach equilibrium with the visible sector. In this case, the DM freezes-out of chemical equilibrium within its own sector, unaffected by SM dynamics.
So long as the hidden sector consists entirely of SM singlets, renormalizable interactions between the SM and the DM can proceed only through the following gauge singlet operators:
, and H † L, known as the Higgs portal [18, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , the vector portal [18, 41] , and the lepton portal [18, 42] , respectively. If the couplings that facilitate such interactions are sufficiently small, the hidden and visible sectors will be decoupled from one another, potentially altering the thermal history of the universe (see, e.g., Refs. [43] [44] [45] [46] [47] ).
If, by coincidence, a hidden sector DM candidate has a GeV-TeV scale mass and weak-scale couplings, it will behave in many respects like a typical WIMP, although possibly with very feeble interactions with the SM. Alternatively, if the hidden sector is much heavier than the SM, its lightest particles may be long-lived and come to dominate the energy density of the universe. When these states ultimately decay through portal interactions, they can deposit significant entropy into the SM bath, thereby diluting the naively excessive DM abundance. Thus, in this class of models, the DM may be much heavier than the mass range typically favored by standard thermal relic arguments; as large as ∼1-100 PeV without exceeding the measured cosmological dark matter density.
Although the mechanism described in this letter could be realized within the context of the Higgs, vector, or lepton portals, for concreteness we will focus here on the vector portal scenario. For our DM candidate, we introduce a stable Dirac fermion, X, which has unit charge under a spontaneously broken U (1) X gauge symmetry, corresponding to the massive gauge boson, Z . The hidden Lagrangian contains:
where Z µν and B µν are the U (1) X and hypercharge field strengths, respectively, and quantifies their kinetic mixing [48, 49] . A small, non-zero value of can be radiatively generated if heavy U (1) X ×U (1) Y charged particles are integrated out at some high scale. Since any value of is technically natural, it is generic to expect 1. Thus, if Z is the lightest hidden sector particle, it can easily be very long-lived, leading it to dominate the energy density of the universe and change significantly the predictions of thermal freeze-out.
The thermal freeze-out from chemical equilibrium of the X population is dictated by their annihilation cross section which, for m X > m Z , is given by:
where α X ≡ g 2 DM /4π and we have dropped subleading terms (see Supplementary Material, Sec. A 1).
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This leads to a relic abundance comparable to the measured dark matter density for weak-scale couplings and masses, α X ∼ 0.0035 × (m X /100 GeV). Although somewhat heavier DM particles with larger couplings are also possible, partial-wave unitarity imposes a constraint on α X , which translates into a hard upper limit of m X < ∼ 100 TeV [51] . This bound can be comfortably circumvented, however, if the hidden and visible sectors are decoupled at early times.
As an initial condition, we take the hidden and visible sectors to be described by separate thermal distributions, with temperatures of T h and T , respectively. The ratio of these temperatures, ξ inf ≡ (T h /T ) inf , is determined by the physics of inflation, including the sectors' respective couplings to the inflaton [52, 53] . Using entropy conservation in each sector, we can calculate the time evolution of ξ (prior to the decays of Z ):
, where g and g h are the numbers of effective relativistic degrees-of-freedom in the visible and hidden sectors, respectively. If the SM temperature is well above the electroweak scale, g g ,inf . As the temperature of the hidden sector falls below m X , g h decreases from g Z + (7/8)g X to g Z , bringing ξ from ξ inf to (13/6) 1/3 ξ inf ≈ 1.3 ξ inf , for m Z m X . As the universe expands, X will eventually freeze-out of chemical equilibrium, yielding a non-negligible relic abundance. The evolution of the number density of X (plusX), n X , is described by the Boltzmann equation:
where σv is the thermally averaged cross section for the process
describes the expansion rate of the universe in terms of the energy densities in the visible and hidden sectors, and m Pl 1.22 × 10 19 GeV. Here, we have assumed that n X = nX . Note that this expression allows for the possibility that the Z number density is not equal to the equilibrium value, as the Z population is also expected to freeze-out of equilibrium during this epoch.
In the case that n Z remains close to its equilibrium value during the freeze-out of X (see Supplementary Material, Sec. A 3), the Boltzmann equation can be solved semi-analytically. In this case, the thermal relic abundance of X (plusX) is given by:
where a and b are terms in the expansion of the DM annihilation cross section, σv/2 ≈ a + bv
at freeze-out. x f , which is defined as the mass of X divided by the SM temperature at freeze-out, is found to be ∼ 20 × ξ over a wide range of parameters (see Supplementary Material, Sec. A 4). From Eq. 5, it is clear that a PeV-scale DM candidate with perturbative couplings will initially freeze-out with an abundance that exceeds the observed DM density (
0.12). It has long been appreciated, however, that this conclusion can be circumvented if the universe departed from the standard radiation-dominated picture after DM freeze-out [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] . A novel point that we emphasize here is that such a departure is generically expected within the context of hidden sector models with small couplings to the visible sector. More specifically, as the universe expands, the remaining Z s will become nonrelativistic and quickly come to dominate the energy density of the universe when ρ Z = 0.0074
dom , which occurs at a visible sector temperature of:
This expression is valid so long as the Z s depart from chemical equilibrium while relativistic. When the Z population ultimately decays, it will deposit energy and entropy into the visible sector, potentially diluting the DM abundance to acceptable levels. In Fig. 1 , we show the evolution of the energy densities in the visible and hidden sectors, for a representative choice of parameters in this model. For a simple estimate of this effect, suppose that all of the Z s decay at t = τ Z . Immediately prior to their decays, they dominate the energy density as non-relativistic matter, so H = 2/3τ Z . Combining this with the Friedmann equation,
2 Pl , we find: 
The evolution of the energy densities of dark matter (blue solid), of Z s (yellow dashed), and in the visible sector (orange dot-dashed), as a function of the visible sector temperature. Upon becoming non-relativistic, the Z s quickly come to dominate the energy density of the universe and, when they decay, they heat the SM bath and dilute the X abundance. This is a rather generic feature of models with a heavy and decoupled hidden sector.
Thus the temperature of the visible sector immediately prior to the decays is given by: .
As a consequence of the reheating that results from these decays, the abundances of any previously frozenout relics (including X) will be diluted by a factor of (T f /T i ) 3 : A more careful calculation, integrating over the Z decay rate [67] , yields: (11) where g denotes the time-averaged value over the period of decay. Combining this with Eq. 5, we find that the final DM relic abundance is:
In Fig. 2 we plot some of the phenomenological features of this model as a function of the DM mass and the degree of kinetic mixing between the Z and SM hypercharge. The black contours denote the regions where the DM density is equal to the measured cosmological abundance, for three values of the hidden sector interaction strength, α X . Below the brown region, Z decays deposit significant entropy into the visible sector, reducing the final X abundance.
Also plotted in this figure are the constraints from the null results of direct detection experiments and the successful predictions of Big Bang Nucleosynthesis (BBN). Comparing the elastic scattering cross section between DM and nuclei predicted in this model to the most recent constraints from LUX [68] (for a value of α X that yields the desired thermal relic abundance, again assuming that m X > m Z ), we arrive at a constraint of
GeV. To assure consistency with BBN, we require that the temperature of the universe exceeds 10 MeV after the decays of the Z population, resulting in the following constraint:
The constraints described in the previous paragraph can be satisfied for a wide range of , spanning many orders of magnitude. Depending on the degree of kinetic mixing, the hidden and visible sectors may have been entirely decoupled from one another, or kept in kinetic equilibrium through interactions of the type γf ↔ Z f (see Supplementary Material, Sec. A 7). Quantitatively, we find that the rate for these processes exceed that of Hubble expansion if: > ∼ 10 −7 × (T /10 GeV) 1/2 (shown as the orange region in Fig. 2 ). Thus for smaller values of , the hidden sector will not reach equilibrium with the visible sector and will remain decoupled. Furthermore, in the yellow regions of Fig. 2 , the Z population decays prior to the freeze-out of X.
In Fig. 1 and in the left-panel of Fig. 2 , we have presented results for a case in which the visible and hidden sectors were initially reheated to similar temperatures after inflation, ξ inf = 1. It is also interesting to consider scenarios in which the initial temperatures of these sectors are very different. In the ξ inf 1 case, the Z population does not come to dominate the energy density of the universe, and their decays do not significantly impact cosmological history. The DM in this scenario, however, is produced with a relic abundance that is proportional to ξ, making it possible to avoid overproduction even for very large masses. An even more interesting case is that in which reheating preferentially populates the hidden sector, with comparatively little SM particle content 
The black contours represent the regions of the mX − plane in which the dark matter density is equal to the measured cosmological abundance, for three values of the hidden sector interaction strength, αX , and for m Z = mX /20. In the left panel, we adopt equal initial temperatures for the hidden and visible sectors, ξ inf ≡ (T h /T ) inf = 1. In the right panel, we instead assume that the universe was highly dominated by the hidden sector after inflation, ξ inf = 10. In each panel, the red and blue regions are excluded by direct detection and BBN constraints, respectively. In and above the orange and yellow regions, the hidden and visible sectors are in kinetic equilibrium during dark matter freeze-out, or the Z population decays before the freeze-out of X, respectively. In and above the brown region, the Z population never dominates the energy density of the universe, and thus does not significantly dilute the dark matter relic abundance. In contrast to the case of a standard thermal relic, dark matter from a decoupled sector can be as heavy as ∼1-100 PeV without being overproduced in the early universe.
(ξ inf 1), corresponding to the right-panel of Fig. 2 . In this case, the energy density of the universe will remain dominated by the hidden sector until the Z population decays, thereby generating the SM bath. In the ξ inf 1 limit, the final abundance of DM is approximately given by:
This allows for an acceptable X abundance, without violating the constraints from BBN, for masses as high as:
where we have taken g * ≈ 10 near BBN temperatures. If we select a value of α X that saturates the unitarity bound [51] , this scenario allows for DM as heavy as
In this letter, we have considered a class of scenarios in which the DM resides within a heavy sector that is highly decoupled from the Standard Model. When the temperature falls below the mass of the lightest hidden sector particle, this long-lived state is expected to rapidly come to dominate the energy density of the universe, ultimately heating the visible sector and diluting the DM abundance through its decay. In contrast to conventional WIMPs, DM candidates as heavy as ∼1-100 PeV can be thermal relics of a decoupled hidden sector, without being overproduced in the early universe. Although we have focused on a particular vector portal model in this letter, we emphasize that similar phenomenology can appear within the context of other DM models with a heavy hidden sector. In this model, the DM annihilation cross section can be written as an expansion in powers of velocity:
where the s-wave piece is:
the p-wave contribution is:
, and we define r ≡ m Z /m X .
Z Couplings To Standard Model Fermions
The Z couples to SM fermions through kinetic mixing with hypercharge. Following Ref. [69] , these vector and axial couplings are given by
Here, θ W is the weak mixing angle, m Z is the Z mass as predicted in the SM, and g Y and g are the U (1) Y and SU (2) L gauge couplings, respectively.
Z Freeze-Out
At very high temperatures, T h m Z , m X , a number of interactions will be able to maintain equilibrium among the particles in the hidden sector. As T h drops below m Z and/or m X , however, such processes become suppressed, ultimately leading to the freeze-out of the comoving Z number density. In this section, we estimate the temperature at which this freeze-out occurs.
We first consider interactions of the type Z Z Z → Z Z , mediated by a X loop. In analogy with the procedure followed in Ref. [70] , dimensional analysis suggests that this corresponds to an operator of the form α 
where ∆ 1 is an order one (or smaller) coefficient intended to parameterize our ignorance of the cross section. In the T h m Z limit, this scattering rate exceeds the rate of Hubble expansion when the following condition is met:
which reduces to:
Next, we consider processes of the type Z XX → XX,
and Z Z X → Z X:
where ∆ 2 and ∆ 3 are order one coefficients. The rate for the later process (which dominates over the former process for T h < ∼ m X ) exceeds the Hubble rate (in the T h m Z limit) when:
which is satisfied in the parameter range of interest for T h > ∼ m X /10. These processes are therefore capable of maintaining chemical equilibrium among the Z population until the temperature drops below T h ∼ m X /10. At that point, the comoving Z number density becomes fixed, until they ultimately decay. We note that in our numerical results presented in Figs. 1 and 2 , we have taken the abundance of the Z population to be similar to the equilibrium value throughout the process of X freeze-out. It is possible, however, that the processes capable of changing the total number of hidden sector particles (such as those described above) may become inefficient prior to the freeze-out of X. In this case, the Z population will depart from chemical equilibrium, n Z = n eq Z , altering the relic abundance, Ω X h 2 . To assess the error that this approximation introduces, we have compared our results to the numerical solution to the coupled system of Boltzmann equations for X and Z . For m X /m Z > ∼ 10, as considered in this letter, we find that the value of Ω X h 2 is impacted at only the O(10)% level.
Freeze-Out Temperature
x f is defined as the ratio of the mass of the DM particle to the visible sector temperature at freeze-out. This quantity is found by solving the following equation by iteration:
Taking the parameter c = 0.4 to match numerical results, this yields:
which recovers the conventional WIMP expectation x f ∼ 20 in the ξ = 1 limit.
Elastic Scattering With Nuclei
An upper limit on can be placed from the null results of direct detection experiments. The elastic scattering cross section between DM and a nucleus of atomic mass A and atomic number Z is given by:
where µ is the reduced mass. Here we have included terms resulting from both Z and Z exchange. In the m Z m Z limit, the mixing angle between the Z and Z is sin
, and the cross section reduces to:
Constraints From BBN
If the decays of the Z population reheat the universe to a temperature lower than ∼1-10 MeV, this would likely destroy the successful predictions of Big Bang Nucleosynthesis (BBN) [71] . By setting the lifetime of the Z equal to 2/3H, we find that these decays reheat the universe to a temperature given by:
where g is the effective number of relativistic degreesof-freedom at temperature T RH and the width is given by:
where n c is the number of colors of the final state fermions and β f ≡ 1 − 4m 2 f /m 2 Z is their velocity. For m Z m Z , m f , and summing over all SM fermions, this reduces to the following lifetime: τ Z ≈ 3.9 × 10 −8 s × 10 −10 2 100 TeV
By requiring that the decays of the Z population do not reheat the universe to a temperature below ∼10 MeV, potentially destroying the successful predictions of BBN, we must restrict to the following: . (A17)
Equilibrium Between the Hidden and Visible Sectors
Equilibrium between the hidden and visible sectors is obtained if the rate of γf ↔ Z f scattering exceeds the rate of Hubble expansion:
where in the √ s, m Z m f limit: Combining this with n f = 3ζ(3)g f T 3 /4π 2 , and approximating √ s ≈ 4 T , we find that Eq. A18 is satisfied if > ∼ 10 −7 × (T /10 GeV) 1/2 (g /100) 1/4 .
